Aims Heart failure with a preserved ejection fraction (HF-PEF) remains a difficult clinical diagnosis. The aim of this study was to test the utility of established criteria to classify patients with HF-PEF. We prospectively enrolled patients into one of five groups across a spectrum of cardiac disease and applied three different criteria for HF-PEF and calculated diagnostic metrics. Methods and results A total of 565 patients were included in the analysis, including 170 patients with an adjudicated diagnosis of HF-PEF, 152 patients with heart failure with reduced ejection fraction, 152 patients at risk for heart failure, and 91 age-matched healthy controls. For the diagnosis of HF-PEF, the positive likelihood ratios were 6.1, 6.9, and 4.8 for the Zile, European Society of Cardiology (ESC) 2007, and ESC 2016 criteria, respectively. The negative likelihood ratios were 0.58, 0.60, and 0.42 for the Zile, ESC 2007, and ESC 2016 criteria, respectively. All three criteria lacked sensitivity to detect HF-PEF (46.5%, 44.1%, and 51.8%, respectively) but were highly specific (92.4%, 93.9%, and 89%, respectively). We further evaluated the criteria to distinguish HF-PEF from other diagnoses after excluding heart failure with reduced ejection fraction; the results were similar. Conclusions In this community based cohort, the likelihood ratios of the existing criteria for HF-PEF were not at the level necessary to be considered diagnostic. Improved criteria for the diagnosis of patients with HF-PEF are needed.
Introduction
Heart failure (HF) remains a significant public health problem with high morbidity, mortality, and symptom burden. More recently, research and guidelines have focused on classifying patients based on the left ventricular ejection fraction (LVEF) creating two distinct clinical groups, HF with reduced EF (HF-REF) or preserved EF (HF-PEF). This has proved challenging because of the lack of a widely accepted reference standard and thus HF-PEF remains a difficult clinical diagnosis-thus expert-opinion derived algorithms and diagnostic criteria have been developed to aid in the diagnosis.
These criteria have not been adequately tested, and their validity remains uncertain. Additionally, many other diseases may mimic HF-PEF because of the overlap of symptoms or signs (e.g. lung disease, hypertension, diabetes, obesity, and deconditioning) and imaging or biomarker, which results may or may not provide further clarity. Indeed, given the heterogeneity of the HF-PEF as a syndrome, the lack of a consensus on a single criterion is not surprising. For example, the European Society of Cardiology (ESC) HF guidelines provides criteria that have evolved over time. The ESC 2007 guideline used a stepwise diagnostic algorithm that incorporated signs, symptoms, echocardiographic, ECG findings, and natriuretic peptides. 1 When evaluated, in a modest-sized cohort, the ESC 2007 criteria had a positive and negative predictive value of 81% and 80% for the diagnosis of HF-PEF with positive and negative likelihood ratios of 5.5 and 0.3, respectively. 2 The ESC further simplified this in 2016 to include relevant structural heart disease in addition to signs and symptoms typical of HF. 3 Another criterion proposed by Zile et al. uses a simplified definition: the presence of clinical heart failure per Framingham criteria and an EF >50%. 4 While the American Heart Association refers to this criterion, it does not provide specificity that can be applied in clinical practice. Other major guidelines do not provide specific criteria beyond an EF cutpoint. 5, 6 Clinical trials have emphasized a prior HF hospitalization, symptoms, and in some cases, additional ECG, echocardiographic, or biomarker information to support the diagnosis. None of these criteria have been evaluated as to their ability to distinguish patients with HF-PEF from other clinical entities.
Accordingly, the aim of this study was to test the utility of established criteria to classify patients with HF-PEF within the Alberta Heart failure Aetiology and Analysis Team (HEART) study. 7 In Alberta HEART, patients were prospectively enrolled into one of five groups that loosely followed the American Heart Association / American College of Cardiology (AHA/ACC) stages of HF and included clinically relevant comparators and adjudication. 8 We further studied standard and advanced biomarkers and imaging as to their added discriminatory and diagnostic value.
Methods
The Alberta HEART study has been previously described. 7 In brief, the cohort was recruited in Alberta, Canada, from 2010 to 2014 from a variety of different clinics and the community at large. Patients were prospectively enrolled into the study, which was approved by the Health Research Ethics Boards at the University of Alberta, University of Calgary, and Covenant Health. Written informed consent was obtained. The study is registered (clinicaltrials.gov NCT02052804).
Participants
Enrolled patients were recruited into one of five groups: Group I (At-Risk): high risk of developing HF-PEF and no clinically overt HF or known cardiovascular disease; Group II (At-Risk + Symptoms): high risk of developing HF-PEF, no clinically overt HF, and the presence of another symptomatic disease (e.g. chronic lung disease, coronary artery disease, and atrial fibrillation); Group III (HF-PEF): clinical HF-PEF; Study design and choice of reference standard Each patient was initially recruited, enrolled, and subsequently adjudicated by team members with clinical experience and expertise into a group. The adjudication process required two expert clinicians to review each case independently and blinded to each other's adjudication. Past medical details available included medical history, echocardiography, prior EF, other radiology testing, and laboratory information. Natriuretic testing is not routine for clinical purposes in our locale. No specific definition was provided to adjudicators, and the Alberta HEART specific tests (e.g. echocardiogram, cardiac magnetic resonance imaging, and blood tests) were not made available to adjudicators. After enrolment, participants underwent a research echocardiogram, cardiac magnetic resonance imaging, and blood tests -these were not used for group assignment.
Definitions
Given the breadth of criteria that have been published, we selected criteria that could be reasonably tested and provided enough detail as to their construct. We used the guideline explicitly as written without further interpretation. ultrasound imaging system (Philips Medical Systems, Andover, MA, USA) equipped with S5-phased or X5-phased array transducer. All images were digitally stored for offline analysis (Xcelera, Philips Medical System, Andover, MA, USA). Standard apical four-and two-chamber views were recorded with care taken to avoid foreshortening. LV volumes were measured from the apical four-and two-chamber views. Left ventricular end-systolic volume and end-diastolic volume were calculated using Simpson's biplane method of discs. 9 LVEF was subsequently derived and expressed as a percentage.
Data sources
Study data were collected and managed using REDCap electronic data capture tools hosted at the University of Alberta. 10 
Statistics
Data on patient characteristics at enrolment including demographic, clinical symptoms, comorbidities, and echocardiogram parameters were presented for each of the five diagnosis groups. Descriptive measures, median and interquartile range and/or mean (SD) for continuous variables, and frequency (%) for categorical variables have been estimated.
The existing criteria are primarily aimed at diagnosing HF-PEF as 'Yes' or 'No'. For the purpose of evaluating each diagnosis criterion to diagnose HF-PEF patients, the adjudicated classification was considered as the reference standard, and thus, patients in group III were assumed as the actual HF-PEF, while all the remaining groups were assumed to be not HF-PEF.
Measures of performance derived from resulting 2 × 2 confusion matrix (sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio) were applied. Both point estimates and the 95% confidence intervals of the measures of performance were reported. The statistical significance of the differences in accuracy among the methods was tested applying the McNemar test. Because the criteria are not model based and do not provide a probability estimate of diagnostic group membership, the area under the curve could not be computed. All statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
A total of 621 patients were enrolled in the Alberta HEART cohort between 2009 and 2014 ( Figure 1) . Based on the initial group assignment, 113, 47, 170, 141, and 91 patients were in Groups I through V, respectively. After adjudication with clinically available data, 39 patients moved between groups for a total of 115, 48, 191, 169, and 98 patients in Adjudicated Groups I through V, respectively. A total of 56 patients were not included in further analysis because of missing information on systolic (n = 49) or diastolic function (n = 7) due to poor quality echocardiographic images, leaving a total of 565 patients for the primary analyses. Patients who were excluded did not differ substantively from other patients in their adjudicated group (data not shown) and were distributed evenly across groups.
Baseline characteristics of the patients, by adjudicated group, are in Table 1 . Notably, patients with HF-PEF or Criteria for heart failure with preserved ejection fraction 21 HF-REF had a lower haemoglobin, estimated glomerular filtration rate, and elevated natriuretic peptides compared with Groups I, II, and V. Patients with HF-PEF were older than patients with HF-REF.
Echocardiographic parameters from the Alberta HEART study echocardiogram are shown in Table 2 . LAVI and left ventricular mass index were similar and higher in patients with HF-PEF and HF-REF when compared with patients in Groups I, II, and V. Notably, historical EFs (where available) for patients with HF-PEF included 47, 11, and 7 patients with an EF between 45-55%, 35-44%, and <35%, respectively ( Table A1) .
The diagnostic metrics of the three criteria are shown in Table 3 . The positive likelihood ratios were 6.1, 6.9, and 4.8 for the Zile, ESC 2007, and ESC 2016 criteria, respectively. The negative likelihood ratios were 0.58, 0.60, and 0.42 for the Zile, ESC 2007, and ESC 2016 criteria, respectively. All the criteria lacked sensitivity to detect HF-PEF (46.5%, Table 1 Baseline characteristics of patients by the adjudicated groups (n = 565) In a comparison between criteria, there was no difference in sensitivity between either of the ESC criteria and the Zile criteria in overall comparisons (Table 4) or those not including patients with HF-REF ( Table 5) . There was greater specificity of the Zile criteria compared with the ESC 2016 criteria for both the above comparisons reaching borderline statistical significance (P = 0.047 and P = 0.033).
Clinical outcomes
All-cause mortality occurred in 10 patients in 1 year and 57 patients over the median follow-up of 1355 days (25th-75th percentile 854-1774) giving an overall annualized event rate of 2.9/100 patient years. The annualized event rate was 0.7, 1.8, 4.0, 4.6, and 0.0 for Groups I through V, respectively. Event rates including for (cardiovascular) hospitalizations are shown in Table 6 .
Discussion
The Alberta HEART cohort provides an opportunity to evaluate the performance of various HF diagnostic criteria against Table 2 Echocardiographic parameters by the adjudicated group of patients (n = 565) 19 (18) 12 (28) 88 (52) 10 (7) 2 (2) ESC, European Society of Cardiology; HF-PEF, heart failure with preserved ejection fraction; HF-REF, heart failure with reduced ejection fraction; LVEDI, left ventricular end-diastolic volume index; NT-proBNP, N terminal pro BNP.
Criteria for heart failure with preserved ejection fraction 23 clinical judgement. Our study has an important finding with implications for those in clinical practice and the research community. The overall likelihood ratios of the existing criteria are reasonable but not to the level generally accepted as definitively diagnostic for positive or negative likelihood ratio (>10 and <0.1). 11 The overall sensitivity of all three criteria is poor-highlighting the clinical challenges in this area attempting to screen for disease earlier. Many of the patients in our cohort had marginally elevated natriuretic peptides or echocardiographic criteria for HF-PEF despite their adjudication by two experts into a non-HF-PEF group, highlighting the common nature of these findings in non-HF populations.
Because of the lack of a reference standard and evolving clinical and published data in the field, we chose to use experienced clinicians as the adjudicators as this is a preferred method when no reference standard exists. Indeed, there were patients in both Groups III and IV who had a historical EF cut above or below 45%, which may have occurred quite some time before enrolment, and thus, we chose to use the Alberta HEART study echocardiogram for decisions about testing the existing criteria. This may introduce a small degree of bias (in both directions) but is unlikely to obviate the poor sensitivity and high specificity seen in the existing criteria.
What should go into criteria for HF-PEF? Based on the current criteria, there is much room for improvement. In part, that improvement may come from identifying sub-groups within the heterogeneous syndrome based on phenotypical variants using latent class analysis or phenomapping. 12, 13 This may provide unique insight based on clinical events and several traits rather than indistinct symptoms and EF alone. Any future criteria should include consideration of comorbid diseases (e.g. lung disease, frailty/deconditioning, obesity, renal disease, and anaemia) and could be further enhanced by imaging techniques specific to HF-PEF (e.g. LAVI) or biomarkers representing the mechanistic pathways. Critically, in diagnosing HF-PEF, clinicians must avoid an overreliance on existing imaging markers that have not validated or are inconsistent across the spectrum of disease (such as E/e'). The changing nature of EF over time, as well as imaging quality, is also important to consider. Provocative testing may also be of value and has been proposed in order to confirm the cause of symptoms and are likely to improve the overall diagnostic accuracy of criteria. 14 The clinical outcomes in the group recruited in Alberta HEART from the community mirror those in some but not all cohorts. For example, in the TOPCAT trial, 15 the annualized mortality rate was 4.4%, I-PRESERVE 16 was 5.2%, whereas in Alberta HEART, the group with HF-PEF, also recruited as an outpatient but without enriching criteria, was 4%. Because our patients were drawn from an outpatient community, rather than an inhospital or recently hospitalized cohort, this may reflect a lower risk than those from cohorts recruited in hospital. 17 
Strengths and limitations
Some strengths and limitations deserve consideration. First, the Alberta HEART cohort was predominantly Caucasian, and there are known differences in reference ranges between ethnicities. 18 However, the subtle variations are unlikely to substantially alter the performance metrics of the diagnostic criteria. Second, this was a stable outpatient cohort. Patients during or with a recent hospitalization, especially in Groups 3 or 4, may have elevated natriuretic peptides, which may alter their inclusion by the ESC 2007 or ESC 2016 criteria improving the overall sensitivity of these criteria, but are unlikely to change the specificity. Third, the lack of a reference standard in this area meant that we used clinical HF experts to adjudicate each case in duplicate to assign them to a group. The lack of a reference standard in diagnostic tests is not a new issue and has been well described elsewhere, including methodologic considerations that are applicable to issue surrounding HF-PEF. 19 Invasive haemodynamics, while of interest, remain sparsely used in practice and are unlikely to be used to distinguish causes of dyspnoea in patients with suspected HF-PEF-hence, our choice of guideline-endorsed or literature-based criteria. Despite the availability of modestly sized cohorts demonstrating that invasive testing may be of value in patients with exertional dyspnoea and suspected HF-PEF, this is neither established nor recommended by any of the major guidelines explicitly. As such, this was not included in this study as a reference standard. Finally, because of the prospective enrolment and purposeful oversampling of patients with HF-PEF and HF-REF, the sensitivity and specificity may be distorted, hence our reporting and emphasis of likelihood ratios.
Conclusions
We identified patients across a spectrum of disease and applied available criteria for the diagnosis of HF-PEF. In this community based cohort, the overall likelihood ratios of the existing criteria were reasonable but not to the level generally accepted as diagnostic for use in clinical practice. Improved criteria for the diagnosis of patients with HF-PEF are needed.
